Extra-hepatic compartments might contribute to hepatitis C virus (HCV) persistence and extrahepatic manifestations. Therefore, we investigated HCV infection in colonic tissue in patients with chronic hepatitis C (CHC) and its relationship with HCV pathogenesis. Colonic biopsies were collected from three groups with CHC infection: treatment naïve (TN; n=12), non-responders (NR; n=10) to anti-HCV therapy (pegylated interferon-a and ribavirin) and sustained virologic response (SVR; n=10) and from a fourth healthy control group (n=10). Liver biopsies were examined to assess inflammation and fibrosis. HCV infection and colonic T regulatory (T reg ) frequency were detected by immunohistochemistry. HCV core and NS3 proteins were detected in B cells and macrophage/monocytes of 42 % and 25 % of TN and 50 % and 30 % of NR, respectively, but not in SVR or control group. The numbers of cells expressing HCV proteins were positively correlated with both HCV viral load and colonic T reg frequency. A significant negative correlation between HCV-expressing cells with both liver inflammation and fibrosis was identified. Our study provides evidence that HCV can infect B cells and macrophages of the colon. The correlations between HCV infection in colonic tissue and HCV viral load and liver pathology underline the significance of this extra-hepatic infection in HCV pathogenesis and response to therapy.
INTRODUCTION
In Egypt, it is estimated that 15 % of Egyptians have serologic evidence of hepatitis C virus (HCV) infection (Frank et al., 2000) . HCV is also a major cause of chronic liver infection that often leads to chronic hepatitis which may progress to cirrhosis and hepatocellular carcinoma (Kuo et al., 1989; Revie & Salahuddin, 2011) .
HCV is an ssRNA virus which produces negative strand RNA as a replicative intermediate. During the HCV replication cycle, one large precursor protein is synthesized from an open reading frame then cleaved to produce structural and non-structural (NS) proteins (Griffin et al., 2003; Hetta, 2014; Revie & Salahuddin, 2011) . NS proteins are not found in the virion. Therefore, presence of NS proteins inside cells suggests that HCV infection occurred in those cells (Revie & Salahuddin, 2011) .
Although HCV is primarily a hepatotropic virus, a broad spectrum of extra-hepatic manifestations may be associated with HCV infection (Agnello & De Rosa, 2004; Blackard et al., 2006; Gumber & Chopra, 1995; Mayo, 2003; S ene et al., 2004) . It is not known if these effects are mediated by direct tissue infection or via soluble proteins.
HCV was believed to infect only hepatocytes (Revie & Salahuddin, 2011) . However, recent reports have reported HCV infection in other cell types such as peripheral blood mononuclear cells (PBMC) (Castillo et al., 2005; Chang et al., 1996; Manzin et al., 1994; Saleh et al., 1994; Wang et al., 1992) , thyrocytes (Blackard et al., 2013) , endothelial cells (Fletcher et al., 2012) , B cells, T cells, monocytes, macrophages and macrophage-like cells such as Kupffer cells and dendrocytes (Castillo et al., 2005) . In addition, it has been proposed that PBMC could serve as privileged reservoirs for HCV, a possible source of recurrent HCV infection after liver transplantation (Feray et al., 1992) .
Immunohistochemistry (IHC) detection of HCV NS proteins was used successfully for analysis of HCV infection in tissues (Gouda et al., 2010; Yan et al., 2000b) . The IHC studies were used successfully to identify the extra-hepatic sites for HCV infection in many tissues such as intestinal tissues (Deforges et al., 2004) , pancreas (Yan et al., 2000b) , kidney (Sansonno et al., 1997) , adrenal glands (Yan et al., 2000b) , spleen (Yan et al., 2000b) , gall bladder (Yan et al., 2000b) , heart (Yan et al., 2000a) and lymph nodes (Pal et al., 2006) . Gut immune cells are intrinsically linked to the liver responses because there is a shared lymphocyte recirculation between the gut and liver through the portal circulation (Adams et al., 2008; Gualdi et al., 1996) . Additionally, the liver is considered an important toleragenic organ for all foreign proteins consumed. The tolerance effect is probably mediated through the T regulatory (T reg ) cells which are shared between the gut and the liver (Adams et al., 2008; Gualdi et al., 1996) . Almost all gut mucosal lymphocytes which provide protection against gut pathogens enter the liver (Adams et al., 2008) . In this study, we investigated extra-hepatic infection of HCV in human colonic tissue from HCV-infected patients by IHC and identified the relationship between HCV infection in the colonic tissue and HCV pathogenesis, including the frequency of colonic T reg , outcome of anti-HCV therapy, viral persistence and degree of liver inflammation.
METHODS
Patients' recruitment. A hospital-based cross-sectional study was conducted to detect extra-hepatic infection of HCV in colonic tissue and relationship with HCV pathogenesis in chronic hepatitis C (CHC) patients. All participants were recruited from Assiut Liver Institute for Treatment of Hepatitis C Virus and Assiut University Hospitals outpatient clinics, Assiut, Egypt, between January 2011 and September 2012. Verbal and signed consent forms were obtained from participants according to an institutional review board protocol approved by Assiut University, College of Medicine Institutional Review Board.
Inclusion criteria for the patients were positive for HCV antibodies by ELISA and HCV RNA by real-time PCR without selection by race, age or gender. Exclusion criteria were pregnancy, history of Schistosoma infection, inflammatory bowel diseases or suspected inflammatory bowel diseases, autoimmune diseases including rheumatoid arthritis and any patients on systemic immunomodulators.
Patients with CHC were grouped into four groups: treatment naïve (TN; n=12), non-responders (NR) to therapy (n=10) and patients with sustained virologic response (SVR) to therapy (n=10). The fourth group was healthy control subjects (n=10) who were non-HCV-infected, had a routine colonoscopic examination for colon cancer screening and were negative. All liver biopsies were taken before the start of therapy. In the TN group, colon biopsies and blood samples were taken at the same time of liver biopsy. In NR, colon biopsies and blood samples were taken 6 months after the start of therapy. The time gap between liver biopsies and both blood and colon biopsy in SVR was approximately 1.5 year. Therapy for CHC was performed according to the standard of care in Egypt during the time this study was conducted. It consisted of pegylated interferon-a and ribavirin. A detailed study flow chart for extra-hepatic replication of HCV in the colon tissue and its relationship with HCV pathogenesis is supplied as a supplementary file (available as Supplementary Material with the online version of the paper).
Colonic tissue biopsies. After proper colonic preparation, three rectal biopsies (from the descending colon, 1-3 mm in size using biopsy forceps) were obtained from each patient and controls via flexible sigmoidoscopy or colonoscopy.
Cell lines. The Huh7.5 cell line -generated by curing an HCV replicon-containing cell line with interferon (Blight et al., 2002) -was provided by Apath LLC. The Huh7.5 JFH1 cell line -which produces infectious HCV genotype 2a virions -was provided by Dr J. Blackard (Kong et al., 2012) .
Serological and liver function tests. Liver function tests (serum alanine transaminase [ALT], aspartate transaminase [AST] and albumin) were performed using a chemical analyser Hitachi 911 (Boehringer Mannheim). Serological markers such as HBsAg, anti-HCV and anti-HIV were tested using commercially available microparticle enzyme immunoassay kits (AXSYM; Abbott Laboratories) as specified by the manufacturer.
Determination of HCV viral load by real-time PCR. HCV viral loads were determined in patients' plasma using real-time PCR as previously described (Hetta et al., 2015) . Briefly, RNA was extracted from 140 µl of patient serum with a viral RNA Mini Kit (catalogue no. 52904; Qiagen), according to the manufacturer's instructions. Quantitative measurement of HCV RNA in real time was detected using a PCR kit (artus® HCV RG RTPCR supplied by Qiagen, catalogue no. 4518263) as specified by the manufacturer.
Assessment of liver inflammation and fibrosis. Liver biopsy specimens were obtained from all patients included in the study and examined to assess inflammatory score and fibrosis stage. Hepatic histopathologic findings were interpreted independently of clinical and biochemical data by a single pathologist, according to the criteria described by the METAVIR scoring system.
Demonstration of extra-hepatic infection of HCV in colonic tissue. Extra-hepatic infection of HCV was examined in colonic tissue using fluorescent IHC as previously described for detection of HCV core and HCV NS3 proteins (Gouda et al., 2010) . Briefly, colon biopsy samples were fixed in 10 % buffered formalin, dehydrated in ethanol and embedded in paraffin. Tissue sections (5 µm thickness) were treated with sodium citrate buffer for antigen retrieval, and the non-specific sites were blocked with PBS containing 10 % normal donkey serum and 3 % IgG-free, protease-free bovine serum albumin (BSA). Tissue sections were incubated either with monoclonal mouse anti-Hepatitis C Virus Core 1b (C7-50) antibody (ab2740; Abcam) diluted 1 : 100 or mouse monoclonal anti-HCV NS3 antibody (clone MMM33) (Novocastra) diluted 1 : 50 in PBS containing 0.05 % Tween 20 (PBST) and 1 % BSA. Then the slides were incubated for 1 h at room temperature with Alexa Fluor® 488 Donkey Anti-Mouse (Jackson Immunoresearch) diluted to 1 : 100 in PBST with 1 % BSA.
To identify the cell type where HCV replicates, the sections were incubated with two primary antibodies in a sequential manner. First, the slides were incubated with mouse monoclonal anti-HCV NS3 antibody and then were incubated with either rabbit monoclonal anti-CD3 antibody (clone SP97) (catalogue no. ab99964; Abcam) or rabbit monoclonal anti-CD19 antibody or rabbit monoclonal anti-CD14 antibody (clone SP97) (catalogue no. ab99964; Abcam). The slides were washed extensively, then incubated for 1 h at room temperature in a sequential manner with two secondary antibodies, Alexa Fluor® 594 Donkey Anti-Rabbit (Jackson Immunoresearch) and Alexa Fluor® 488 Donkey Anti-Mouse diluted 1 : 100 in PBST with 1 % BSA. Negative controls were performed by omitting the primary antibodies. 4¢,6-Diamidino-2-phenylindole diluted 1 : 1000 was used for nuclear staining. The slides were examined by Zeiss LASER scanning confocal microscopy (LSM710) with high-power fields (HPF) (1 HPF = 0.4 mm 2 ). The presence of HCV antigens in colonic tissue was examined, and the number of cells expressing HCV core protein and NS3 was quantified in HCVinfected patients and matched normal healthy controls. Positive cells were quantified in 10 HPFs of colonic tissues. Data were presented as total number of positive cells/10 HPFs.
Examination of the frequency of T reg cells in colonic tissue.
The frequency of T reg cells in colonic biopsies was evaluated using fluorescent IHC as previously described (Hetta et al., 2015) . Briefly, two primary antibodies from Abcam, mouse monoclonal anti-CD3 antibody (clone PS1) (catalogue no. ab699) and rabbit monoclonal anti-Forkhead box protein P3 (FoxP3) antibody (clone SP97) (catalogue no. ab99964), were incubated in a sequential manner with two secondary antibodies from Jackson Immunoresearch, Alexa Fluor® 594 Donkey Anti-Rabbit, and Alexa Fluor® 488 Donkey Anti-Mouse. The number of colonic T reg and CD3 + T cells was recorded using Zeiss LASER scanning confocal microscopy (LSM710) with HPF. Ten HPFs were examined in each slide and averaged. Data were calculated as % frequency of T reg as follows:
Statistical analysis. Data were given as range (minimum, maximum) or mean±SD. The Student t-test was used to examine the difference between two groups with a significance value at P 0.05. The ANOVA test was used to examine the difference between groups of the enrolled subjects. Correlations between parameters measured were calculated using Spearman's correlation coefficient for patients and controls.
RESULTS

Characterization of the enrolled subjects
Demographic and clinical characteristics of the enrolled subjects are summarized in Table 1 . The healthy control subjects were significantly older than TN, NR and SVR groups (P=0.002, P=0.005 and P=0.002, respectively), while there was no significant age difference among TN, NR and SVR groups. The healthy controls included more females than the TN group (P=0.02), while there was no significant difference in gender between the control group compared to the NR or SVR group and no significant difference among the TN, NR and SVR groups.
ALT levels were significantly higher in TN (mean±SD, 69.5 ±17.40 U ml À1 ) compared to healthy controls (21±7.4 U ml À1 ), SVR (45.8±29.9 U ml
À1
) and NR groups (47.5 ±17.44 U ml À1 ) (P<0.0001, P=0.006 and P=0.01, respectively). Also, ALT levels were significantly (P=0.007) higher in the NR compared to the control group, while there were no significant differences in ALT levels between the SVR and healthy control groups. AST levels were significantly higher in the TN group (mean±SD, 54.9±24 U ml À1 ) compared to healthy controls (23±11.6 U ml À1 ), SVR (31.4 ±26.6 U ml
) and NR groups (34.6±14.2 U ml À1 ) (P=0.0017, P=0.017 and P=0.05, respectively), while there was no significant difference in AST levels among NR, SVR and healthy control groups (Table 1) .
We compared the viral load in CHC and NR. There was no significant difference in HCV viral load between the TN group (mean±SD, 1.44Â10 6 ±1.43Â10 6 IU ml
) and the NR group (1.34Â10 6 ±0.94Â10 6 IU ml À1 ). There was also no significant difference between all the HCV-infected groups in liver METAVIR inflammatory grade and fibrosis stage before treatment. No liver biopsies were available after anti-HCV treatment or for the healthy controls.
Detection of HCV core protein and NS3 protein in colonic tissue of HCV-infected patients
To confirm the feasibility and the specificity of our immunohistochemical staining protocol of HCV core and NS3 proteins, we examined the expression of those proteins in Huh7.5 cell lines infected (Huh7.5 JFH1 ) or uninfected (Huh7.5) with HCV using monoclonal antibodies against HCV core and NS3 proteins. HCV antigens were detected by indirect fluorescent immunohistochemical staining of HCV core and NS3. The cells expressing HCV antigens were identified by the specific green cytoplasmic signals (Alexa Fluor® 488), and no positive staining was observed in HCV-uninfected Huh7.5 cell line (Fig. 1a) .
To detect the presence of HCV antigens in colonic tissue, we examined the expression of HCV core (structural protein) and NS3 (NS protein) in colonic biopsies from HCVinfected patients and control groups. HCV antigens were detected by indirect fluorescent immunohistochemical staining of HCV core and NS3 using monoclonal anti-HCV core and mouse anti-HCV NS3 antibodies. The cells expressing HCV antigens were identified by the specific green cytoplasmic signals (Fig. 1b) .
The HCV core protein and NS3 were detected only in TN and NR groups but neither in SVR nor healthy controls as shown in Table 2 . HCV core protein was expressed in 10 patients; of these 10, there were only six patients expressing HCV NS3. The HCV core protein was detected in five of 12 (42 %) in TN and five of ten (50 %) in NR groups but not in SVR or healthy control groups. Additionally, NS3 protein was detected in colonic tissue in three of 12 (25 %) in TN, and three of ten (30 %) in NR groups but not in SVR or healthy control groups.
Identification of the colonic cells with HCV protein expression
To identify the cell type in which HCV infects extra-hepatically, we examined the surface markers of the cells in which HCV infects. We used antibodies against a specific marker for T cells (anti-CD3), B cells (anti-CD19) and macrophage/monocytes (anti-CD14). As shown in Fig. 1c, NS3 and core of HCV were expressed mainly in B cells and macrophage/monocytes but not in T cells.
Relationship between the number of cells expressing HCV core and NS3 proteins in colonic tissue and HCV viral load
To investigate the impact of HCV infection in colonic tissue on HCV pathogenesis and response to therapy, we examined the relationship between the number of colonic cells expressing HCV core and NS3 proteins with viral load in the TN and NR groups. There was a significant difference (P<0.0001) in the viral load between the groups expressing HCV core and without HCV core expression. Also, there is a significant difference (P=0.007) in the viral load between the groups expressing HCV NS3 and without HCV NS3 expression as shown in Fig. 3a . There was a significant positive correlation between viral load with both the number of cells expressing HCV core protein (P=0.0001 and r=0.663) and the number of cells expressing HCV NS3 (P<0.0001 and r=0.874) in colonic tissue.
Relationship between colonic T reg and HCV expression in colonic tissues
In a previous study by our laboratory (Hetta et al., 2015) , colonic T reg cells were detected by indirect fluorescent immunohistochemical staining of CD3 and FoxP3 and correlated with HCV pathogenesis. T reg cells were identified by the green surface CD3 (Alexa Fluor 488) and the red nuclear FoxP3 (Alexa Fluor 594) as demonstrated in Fig. 2 . In this study, we examined the relationship between frequency of colonic T reg and HCV infection in colonic tissue. There were a significant difference (P=0.0001) in the absolute number of T reg cells in the group with HCV core expression (average T reg = 7.5 cell/HPF) compared with the group without HCV core expression (average T reg = 1.9 cell/HPF) in the colon and a significant difference (P=0.0002) in the group with NS3 core expression in the colon (average T reg = 9.3 cell/HPF) compared with the group without HCV NS3 expression (average T reg = 1.8 cell/HPF). There was a significant difference (P=0.0184) in the colonic T reg frequency between the groups expressing HCV core and without HCV core expression. Also, there is a significant difference (P=0.0121) in the viral load between the groups expressing HCV NS3 and without HCV NS3 expression as shown in Fig. 3b . A significant positive correlation was identified between the frequency of colonic mucosal T reg and the frequency of cells expressing either HCV core protein (P=0.002 and R=0.61) or HCV NS3 in colonic tissue (P=0.002 and R=0.6).
Relationship between HCV infection in colonic tissues and liver pathology in TN group
Significant negative correlation was found between the HCV core expressing cells with METAVIR inflammatory grade (P=0.04; r=À0.459; 95 % confidence interval [CI] = À0.738 to À0.046) and fibrosis stage (P=0.04; r=À0.437 with 95 % CI = À0.725 to À0.019). Additionally, there was a significant negative correlation between the number of cells expressing HCV core and the serum ALT (P=0.037; r=À0.45 with 95 % CI = À0.731 to À0.032), but not AST (P=0.729 and r=À0.078). In contrast, no significant correlations were identified between the number of cells expressing HCV NS3 protein and the scores of liver inflammation, fibrosis and ALT and AST levels
DISCUSSION
In this study, we investigated the extra-hepatic infection of HCV in colonic tissue of HCV-infected patients using IHC techniques. Additionally, the relationships between HCV infection in colonic tissue and the frequency of colonic T reg , outcome of anti-HCV therapy, viral persistence and liver inflammation were examined.
In our study, IHC was used to detect extra-hepatic replication of HCV in human colonic tissue (Liao et al., 2011) . Extra-hepatic infections were examined by detection of the NS3 protein and we identified the type of cells where HCV infects by using antibodies against specific cell surface markers such as CD19 for B cells, CD14 for macrophage/ monocytes and CD3 for T cells.
HCV infections in colonic tissue of 42 subjects, TN (n=12), NR (n=10), SVR (n=10) and control (n=10) groups, were examined. HCV core protein was detected in 42 % of the TN group (5/12) and 50 % of the NR group (5/10), but not in the SVR (0 %) or healthy control groups (0 %). HCV core protein was expressed in 10 patients; of these 10, only six patients expressed HCV NS3. Since HCV core is present as a free protein in the circulation (Yao et al., 2001 ) and could be engulfed by cells (Barth et al., 2005) , we confirmed extra-hepatic HCV infection data by investigating NS3 expression as a marker of extra-hepatic infection. NS3 is not present as a free protein in the circulation or in the virion (Revie & Salahuddin, 2011) , and therefore, identification of NS3 inside the cells is a strong marker of HCV infection (Revie & Salahuddin, 2011) . NS3 protein was detected in colonic tissue of 25 % of TN (3/12) and 33 % of NR groups (3/10), but not in SVR or healthy control groups (0 %). Our findings are supported by a previous study by Yan et al. (2000b) , who reported an extra-hepatic infection of HCV in the intestine of a sub-population of HCVinfected patients using IHC detection of HCV NS3 (60 %; 3/5), HCV NS5 (40 %; 2/5) or ISH (20 %; 1/5) or RT-PCR for the minus strand (20 %; 1/5). However, the difference between our study and the previous study by Yan Extra-hepatic infection of HCV has been reported in B cells (Pham et al., 2008; Sansonno et al., 1996) , T cells (Pham et al., 2008; Sansonno et al., 1996) , monocytes (Sansonno et al., 1996) , macrophages (Coquillard & Patterson, 2009; Sansonno et al., 1996) , M cells (Pham et al., 2008) and Kupffer cells (Castillo et al., 2005) . In our study, we detected extra-hepatic infection of HCV in colonic tissue B Based on the previous data, the gastrointestinal tissue could act as an extra-hepatic compartment for HCV and may be involved in virologic relapse after viral clearance, with a possible source of re-infection for hepatocytes through the portal circulation.
T reg plays a fundamental role in maintaining immune homeostasis and the balance between the tissue-damaging and protective effects of the immune response (Cabrera et al., 2004; Keynan et al., 2008; Sturm et al., 2010) . In a previous study by our laboratory (Hetta et al., 2015) , we reported that the frequency of colonic T reg in HCV-infected patients was higher than those in the controls. In this study, a significant positive correlation between frequency of colonic T reg and the frequency of cells with either HCV core protein (P=0.002 and R=0.61) or HCV NS3 in colonic tissue (P=0.002 and R=0.6) was identified. Additionally, there was a significant difference (P<0.0001) in the viral load between the groups expressing HCV core or NS3 and without HCV core or NS3 expression. The elevated frequency of T reg may lead to weak HCV-specific immune responses in CHC (Cabrera et al., 2004) , with subsequent increase in viral load and more chance of extra-hepatic HCV infection.
Significant negative correlations between the HCV core expressing cells, but not in the NS3 expressing cells, with METAVIR inflammatory grade, fibrosis stage and the ALT liver enzyme were identified in this study. HCV core protein can induce T reg cells in CHC (MacDonald et al., 2002) . The increase in T reg frequency in NR and TN groups might be due to the effect of HCV core protein, which might lead to suppression of the HCV-specific immune responses and consequently a failure in viral clearance in TN and/or NR in HCV-treated patients. Moreover, HCV core protein has other deleterious effects on the immune system. Lee et al. (2001) demonstrated that HCV core protein, which is either expressed within macrophage cells or exogenously added to them, is capable of suppressing IL-12 production by activated APCs. In addition, HCV core protein was shown to exert an inhibitory effect on the stimulatory capacity of macrophages in mixed lymphocyte reaction (Losikoff et al., 2012) . Taken together, these results suggested that HCV core protein could play significant roles in suppressing the effective HCV-specific Th1 immunity through inhibition of IL-12 secretion and inhibition of macrophage functions, which may contribute to persistent HCV infection. Additionally, T reg is shared between the gut and the liver through the portal circulation (Adams et al., 2008; Gualdi et al., 1996) , and consequently can migrate through the portal circulation and decrease liver inflammation and fibrosis.
However, the association between HCV NS3 protein expression and severity of liver disease is questionable. Liao et al. (2011) and Kasprzak et al. (2004) reported that tissue expression of NS3 protein does not correlate with histological grade or stage of liver tissues or clinical features in patients with CHC. In our study, we did not find correlation between the number of cells expressing HCV NS3 protein and ALT, AST and METAVIR inflammatory grade and fibrosis stage. These findings are supported by the fact that HCV infection is not cytopathic (Spengler & Nattermann, 2007) and may not cause liver damage (Spengler & Nattermann, 2007) . In contrast, HCV NS3 induces both CD4 + and CD8 + effector HCV-specific T cells and stimulates viral clearance (Liao et al., 2011) .
One of the limitations of our study was the lack of data on the frequency of intra-hepatic T reg cells because we did not have access to the liver biopsies at the time of the study for all the patients for IHC examination. Therefore, we could not compare the frequency of T reg in colon tissue with that in the liver. Additionally, we did not have serial biopsies for the enrolled subjects to examine the kinetics of HCV extra-hepatic replications during treatment. It is difficult and risky and may be unethical to obtain multiple colon biopsies from the same patient at different time intervals during therapy.
In conclusion, our study provides evidence that HCV can infect B cells and macrophages of the colon tissue The correlations between HCV infection in colonic tissue and HCV viral load and liver pathology highlight the potential significance of this extra-hepatic infection in HCV pathogenesis and offer a possible explanation for differential responses to therapy including late relapse that have been observed in clinical trials.
